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(A) Abstract 24 
(B) Aim 25 
To assess how climate change may decouple the ecosystems used by a migratory fish, 26 
and how decoupling influences priorities for stream restoration. 27 
(B) Location 28 
Australia. 29 
(B) Methods 30 
We modelled changes in habitat suitability under climate change in both riverine and 31 
marine habitats for a threatened diadromous species, the Australian Grayling 32 
Prototroctes maraena, using niche models. The loss of riverine habitats for Grayling 33 
was compared with or without considering the impact of climate change on adjacent 34 
marine habitats. We also asked whether considering marine climate change changed 35 
the locations where removing dams had the greatest benefit for Grayling conservation. 36 
(B) Results 37 
Climate change is expected to cause local extinction in both marine and river habitats 38 
regardless of whether dams are retained or removed at the trailing edge of the 39 
Grayling’s range (northeastern). Decoupling of habitats was most apparent in the 40 
eastern and south-eastern portion of the Grayling’s range, where ocean warming may 41 
cause a decline in the suitability of marine habitats for larvae, while many freshwater 42 
habitats retained suitable habitat for adults. Removing dams to restore connectivity 43 
between ocean and freshwater habitats was predicted to have the greatest benefit for 44 
Grayling in southern portions of their range. Under climate change, the priorities for 45 
barrier removal gradually shift toward dams at higher elevation because of increasing 46 
suitability of freshwater habitats at higher elevations. 47 
(B) Main conclusions 48 
Our study highlights the importance of assessing climate range shifts in multiple 49 
ecosystems for migratory species and can help inform priorities for stream restoration 50 
under a changing climate. 51 
  52 
(A) Introduction   53 
Climate change is expected to have a significant impact on biodiversity worldwide, 54 
with responses already observed at many levels including shifts in the distribution of 55 
many species, their phenology, and their population dynamics (Settele et al., 2014). 56 
The rate and direction of isotherms shift through space (i.e., climate velocity) has 57 
been analyzed across ecosystems (Loarie et al., 2009; Burrows et al., 2011) to assess 58 
possible rates and directions of species-range shifts (Pinsky et al., 2013; Burrows et 59 
al., 2014). While shifting distributions have been observed and predicted in terrestrial 60 
(Chen et al., 2011), marine (Poloczanska et al., 2013) and freshwater (Comte et al., 61 
2013) ecosystems, the rates of range shift vary among species and ecosystems (Sorte 62 
et al., 2010). Observed range shifts have been faster in marine systems than those of 63 
terrestrial systems because marine populations more fully occupy the extent of their 64 
thermal tolerance ranges than terrestrial populations (Sorte et al., 2010; Sunday et al., 65 
2012). Therefore, differences in the rate of climate change across marine, freshwater 66 
and terrestrial ecosystems might decouple the habitats used by migratory species and 67 
threaten their persistence (Saunders et al., 2016). 68 
 69 
Climate change, in particular global warming, generally causes the distributions of 70 
marine fish to shift to higher latitudes and deeper waters (Pinsky et al., 2013; 71 
Poloczanska et al., 2013), and freshwater fish to shift to higher altitudes and latitudes 72 
(Comte et al., 2013). However, anthropogenic barriers can make upstream habitats 73 
unavailable to fish despite the apparent presence of suitable habitat (Bond et al., 2011; 74 
Comte & Grenouillet, 2015). Here we argue that ignoring the dependence of 75 
diadromous species on both freshwater and marine habitats, and the impacts due to 76 
anthropogenic barriers on connectivity will underestimate their perceived 77 
vulnerability to climate change. 78 
 79 
Migratory species may be particularly vulnerable to extinction under climate change 80 
because they will be affected by change in both the ecosystems they inhabit, as well 81 
as their migration routes (Robinson et al., 2009; Runge et al., 2014). Diadromous fish, 82 
which migrate between marine and freshwater ecosystems (McDowall, 1988), 83 
exemplify the risk climate change poses to migratory species. The populations of 84 
many diadromous fish have undergone a dramatic decline worldwide due to habitat 85 
loss, overfishing, invasive species, pollution and climate change (Costa-Dias et al., 86 
2009; Limburg & Waldman, 2009; Mota et al., 2016). Further climate change may 87 
lead to a disconnect between the marine and freshwater habitats required by 88 
diadromous fish because the climate velocity has been higher in the ocean than on 89 
land at the same latitudes during the past 50 years (1960 - 2009) (Burrows et al., 90 
2011). However, most studies have focused on changes of diadromous species’ 91 
distributions in either riverine (e.g., Lassalle et al. (2008); Lassalle and Rochard 92 
(2009); Bond et al. (2011)) or marine habitats (e.g., Lynch et al. (2015)) in spite of 93 
both habitats being required to complete their life cycles. Studies suggest that the 94 
combined effect of climate change in both freshwater and marine environments 95 
threaten the persistence of diadromous fish populations such as Atlantic salmon 96 
Salmo salar (Piou & Prévost, 2013) and anguillid eels Anguilla spp (Kettle et al., 97 
2011; Jacoby et al., 2015). Therefore, assessing and integrating the impacts across 98 
habitats and life stages are keys for the conservation of diadromous fish (McDowall, 99 
1992). 100 
 101 
The Australian Grayling Prototroctes maraena is a diadromous fish endemic to the 102 
coastal rivers of south-eastern Australia. Adult fish migrate to lower reaches of a river 103 
to spawn during autumn and winter with increased river flows (Koster et al., 2013; 104 
Amtstaetter et al., 2016). After 4 - 6 months at sea, juveniles migrate upstream to 105 
freshwater habitats to grow and mature (Berra, 1982; Crook et al., 2006). Since 106 
European settlement, Grayling has undergone severe population declines and is now 107 
protected by state and federal legislations, as well as being on the IUCN Red List as 108 
Near Threatened (Backhouse et al., 2008a). Anthropogenic barriers, river regulation, 109 
habitat degradation, invasive species and climate change are considered as primary 110 
threats for Grayling (Backhouse et al., 2008b). Barriers that prevent migration lead to 111 
the local extinction of upstream populations (McDowall, 1993) because obligatory 112 
migrants like Australian Grayling can only persist in habitats connected to the sea 113 
(Backhouse et al., 2008b). The persistence of the Australian Grayling is particularly 114 
significant because after the extinction of New Zealand Grayling P. oxyrhynchus in 115 
1930, it is the only member of the Prototroctes genus remaining (McDowall, 2006). 116 
 117 
In this study, we use niche models to assess the vulnerability of Australian Grayling 118 
to future climate change due to shifts in the suitability of both freshwater and marine 119 
habitats. We compared the loss of riverine habitats for Grayling with or without 120 
considering the impact of climate change on adjacent marine nursery habitats. The 121 
location of anthropogenic barriers was also incorporated to evaluate what impact their 122 
removal might have on habitat availability, and how priorities for dam removal might 123 
change under climate change.  124 
 125 
(A) Methods 126 
(B) Occurrence records and environmental data 127 
Occurrence data for Australian Grayling in freshwater habitats were collected from 128 
the Australian Museum, New South Wales Department of Primary Industries and 129 
Victorian Biodiversity Atlas, and additional records form the Atlas of Living 130 
Australia database (http://www.ala.org.au; i.e. Museum Victoria, West Australian 131 
Museum, Queen Victoria Museum and Art Gallery, Tasmanian Museum and Art 132 
Gallery, and Queensland Museum). Records prior to 1975 were discarded to match 133 
the climatic baseline. In total, 241 records of Australian Grayling from 241 134 
sub-catchments were used to train the niche model. Data were spread across all the 135 
major coastal catchments of the Grayling’s currently known distribution in 136 
south-eastern Australia (Fig. 1). 137 
 138 
Environmental data for building the freshwater habitat model was structured to reflect 139 
the hydrological network of rivers based on the National Catchment and Stream 140 
Environment Database V.1.1.3, part of the Australian Hydrological Geospatial Fabric 141 
(Stein et al., 2014). Downscaled climate and hydrological parameters were provided 142 
by James et al. (2013) with additional recent climate data from the eMAST portal 143 
(Whitley et al., 2014). Future climate conditions were projected from a seven-GCM 144 
(Global Climate Model) ensemble that performed well in south-eastern Australia 145 
(Fordham et al., 2011) as a “best estimation” of future freshwater habitat distribution. 146 
 147 
For marine habitats, downscaled Australian coastal water temperature for current 148 
condition was extracted from Oliver and Holbrook (2014). We used a different set of 149 
GCMs for the marine realm because the connection between predicted land surface 150 
temperature and adjacent sea surface temperature is weak in the extra-tropics (28°N/S 151 
to the poles) and there is little agreement among projections from different GCMs of 152 
extra-tropical sea surface temperature (Tyrrell et al., 2015; Wang et al., 2015). 153 
Therefore, two GCM projections from Earth System Grid Federation (ESGF) were 154 
used to span the range of possibilities from medium (HadGEM2-ES) to severe 155 
(FGOALS-s2) ocean warming of the Grayling’s marine habitat. Only winter (austral 156 
winter: May to October) sea surface temperature were extracted because Australian 157 
Grayling larvae occupied marine nursery habitats during winter to spring (Shenton et 158 
al., 2011) and the ocean warming was projected differently across seasons in 159 
south-eastern Australian (Koehn et al., 2011). Representative Concentration Pathways 160 
(RCP) 8.5 was used to explore the worst case greenhouse gases emission scenario for 161 
2055 and 2085. We chose these years to represent possible results in the middle and 162 
the end of this century. These years also meant our results were comparable to other 163 
climate change studies in Australian ecosystems (James et al., 2013) and government 164 
reports (Climate change in Australia, Projections for Australia’s NRM regions, 165 
CSIRO and Bureau of Meteorology, 2015). 166 
 167 
(B) Modelling suitable habitat 168 
We applied two different methods to model the distributions of suitable habitat in 169 
freshwater and marine ecosystems. For freshwater habitat, a range of climatic, 170 
hydrological and topographic variables potentially important to the distribution of 171 
diadromous fish were considered in model testing (e.g., Leathwick et al. (2008), 172 
Lassalle and Rochard (2009), & Bond et al. (2011)). After removing correlated 173 
factors, complementary predictor variables were selected through forward selection 174 
using Akaike information criteria (Warren & Seifert, 2011). Selected variables for 175 
modelling Australian Grayling included minimum air temperature, precipitation 176 
seasonality, mean annual flow, slope, maximum distance upstream and distance to 177 
outlet. Given we could not reliably infer absences (Guillera-Arroita et al., 2014), 178 
freshwater habitat suitability was modelled using an ensemble of five presence-only 179 
algorithms (GAM, GLM, GBM, MARS, MAXENT) that were fitted in R (R Core 180 
Team, 2015) using the packages dismo (Hijmans et al., 2015) and biomod2 (Thuiller 181 
et al., 2009), and weighted using the True Skills Statistic (Allouche et al., 2006). This 182 
produced continuous probabilities of occurrence (habitat suitability) under given 183 
climate scenarios. Our modelling covered the full distribution of this species. For 184 
presentation of results we divided the range into northern, central and southern 185 
sections that align with state boundaries and hence the different management 186 
jurisdictions. 187 
 188 
We used current and projected coastal water temperature to represent the potential 189 
range shift of suitable habitats in the sea because sea surface temperature has been 190 
recognized as a main driver for distribution shifts in marine species (Sunday et al., 191 
2012; Poloczanska et al., 2013). Furthermore, narrower thermal windows of larval 192 
fish (Pörtner & Farrell, 2008) may constrain their distribution within the suitable 193 
temperature range. Thus, the range of mean winter coastal water temperature which 194 
covers all river mouths with adult fish recorded upstream was used to represent a 195 
suitable temperature range for larvae as no distribution data for Australian Grayling 196 
larvae is available. Binary outputs have been produced to represent suitable (projected 197 
temperature is within current temperature range) vs. unsuitable (projected temperature 198 
is outside current temperature range) habitats in the sea for each climate scenario. 199 
 200 
(B) Assessing habitat change by climate change and dams 201 
We focused on the potential habitat shifts in sixty-three “important rivers” that have 202 
been identified as crucial to long-term population persistence in the National 203 
Recovery Plan for the Australian Grayling (Backhouse et al., 2008b). The northern, 204 
central and southern sections of the Australian Grayling range included three 205 
important rivers in New South Wales (NSW), 31 in Victoria (VIC) and 29 in 206 
Tasmania (TAS). Although headwaters of the Snowy River are within New South 207 
Wales, the river was assigned to the central section (Victoria) because its estuary is 208 
further south. The extent of suitable habitats was calculated as the sum of river 209 
segment lengths (Stein et al., 2014) weighted by the projected habitat suitability in 210 
each climate and management scenario (dam removal in this study). 211 
 212 
The extent of suitable freshwater habitat was calculated  213 
1) under current conditions and following climate change in 2055 and 2085,  214 
2) with and without dams, and  215 
3) with and without considering climate change in coastal waters.  216 
We assessed the impact of lost freshwater connectivity on habitat extent by comparing 217 
totals for standard projections that neglect dams (“Dams excluded”), and totals after 218 
suitability was reset to zero for all streams and rivers upstream of a dam (“Dams 219 
included”). We assessed habitat gain by gradually removing the top ten dams (five for 220 
New South Wales because there are only five dams among important rivers in this 221 
state) that blocked most upstream habitat (length weighted by suitability) following 222 
the steps below. First, we calculated the extent of suitable habitat between every dam 223 
and headwater or another upstream dam. Then we gradually removed dams that 224 
blocked access to the most upstream habitat (i.e., greatest gains in suitable habitat 225 
extent after removal). Due to the obligatory marine larval stage of Australian Grayling 226 
(Backhouse et al., 2008b), only the removal of dams that had no other barriers 227 
downstream were considered for each move. The removal of any upstream dam 228 
within a series of dams will be considered after downstream dam was removed in a 229 
previous decision. Finally, we calculated potential habitat loss of all upstream 230 
freshwater habitats if downstream coastal water temperature was considered 231 
unsuitable, and assessed how this affects dams which were in the top ten priorities. 232 
Only the top ten dams (five for New South Wales) in each state were evaluated 233 
because our main goal was to reveal the influence of climate change on conservation 234 
plans instead of designing specific prioritization plans. We calculated habitat size 235 
changes using graph metrics to incorporate river hydrographic network (Saunders et 236 
al., 2016) by R package igraph (Csardi & Nepusz, 2006). 237 
 238 
(A) Results 239 
(B) Habitat suitability in rivers and the sea 240 
We predicted the extent of suitable habitat for Australian Grayling will decline 241 
dramatically throughout its range by 2085 (Figs. 1, 2 & 3). The suitability of 242 
freshwater habitat was predicted to decline in New South Wales (northern portion of 243 
the range), and some areas of central Victoria (central portion of the range, Fig. 1). In 244 
Tasmania (southern portion of the range) we predict both habitat losses and gains 245 
locally but a minor loss in total (Figs. 1, 2(c), 2(f) & 3(c)). The impact of climate 246 
change on marine habitats varied among GCMs and states (Figs. 1 & 2). While a mild 247 
warming from the north was found with HadGEM2-ES (medium) in 2055 and 2085, 248 
the water temperature in coastal New South Wales, eastern Victoria and north-eastern 249 
Tasmania might become less suitable for larval fish in 2085 subject to the 250 
FGOALS-s2 (severe) projections. The southerly shift of suitable marine habitats was 251 
predicted to occur more rapidly than freshwater habitats in New South Wales (Fig. 1). 252 
Decoupling between marine and freshwater habitats might occur in New South Wales 253 
under both medium and severe marine warming projections (Figs. 1, 2(a), 2(d) & 254 
3(a)), and in Victoria (Figs. 1, 2(e) & 3(b)) and Tasmania (Figs. 1, 2(f) & 3(c)) under 255 
severe ocean warming.  256 
 257 
(B) Priorities of dam removal under climate change 258 
Dams had a significant impact on the extent of suitable freshwater habitat in New 259 
South Wales under current climate conditions (blocked 44.5% of total habitat) and in 260 
Tasmania under current or future climate conditions (blocked 34 ~ 36% of total 261 
habitat) (Fig. 3). Climate change in both riverine and marine habitats influenced the 262 
highest priority dams for removal, especially in Victoria (Fig. 4b). Under moderate 263 
ocean warming, the removal of upstream dams became more important because of the 264 
upward shifts in suitable habitat (hollowed arrow in Fig. 4b). However, severe ocean 265 
warming from the east (Tasman Sea) made the removal of dams in central or western 266 
Victoria more important (arrows in Fig. 4(b)). None of the dams in New South Wales 267 
were a removal priority for maintaining Grayling’s habitat connectivity, because both 268 
freshwater and marine habitats were projected to become unsuitable under climate 269 
change (Figs. 3a & 4a). The distribution of freshwater habitats and hence priorities for 270 
dam removal in Tasmania remained relatively stable under medium ocean warming 271 
(Fig. 4c) but more severe warming in the north-east increased the importance of 272 
removing dams from south-western Tasmania (arrows in Fig. 4c). 273 
 274 
(A) Discussion 275 
The mismatch in timing between migration and resource availability among habitats 276 
is relatively well studied (Rijnsdorp et al., 2009; Robinson et al., 2009), compared to 277 
the decoupling of critical habitats under climate change (Wauchope et al., 2017). Our 278 
results revealed that ignoring the differences in the rate of climatic change and species’ 279 
sensitivity within separate habitats could result in ineffective restoration plans for 280 
conserving species that require multiple connected habitats to complete their life cycle. 281 
Furthermore, changing the spatial distribution of suitable habitats in different 282 
ecosystems might interact with anthropogenic disturbances, like dams. Therefore, the 283 
impact of climate change on inter-systems connectivity should be taken into 284 
consideration for conservation planning (Álvarez-Romero et al., 2011; Saunders et al., 285 
2016). 286 
 287 
For Australian Grayling, our results indicated that north-eastern (trailing edge) 288 
populations are likely to experience dramatic declines or even local extinction based 289 
on the projected decrease in suitability of both freshwater and marine habitats. In 290 
addition, the extent of suitable habitats was more stable in south-western populations, 291 
but anthropogenic barriers reduced the accessible habitats. Climate change could be 292 
the major threat to the persistence of Grayling in New South Wales and Victoria, but 293 
anthropogenic barriers will continue to be the most important constraint in Tasmania. 294 
 295 
The increasing temperature of marine nursery habitats could compromise the viability 296 
of local populations in adjacent river catchments. Studies indicate that early life stages 297 
of fish are more vulnerable to climate change (Pörtner & Farrell, 2008; Rijnsdorp et 298 
al., 2009) and the stress experienced during early stages may have long-term negative 299 
impacts on individual fitness and population dynamics (Morrongiello et al., 2014; 300 
O’Connor & Cooke, 2015). Significant warming in coastal waters and lower river 301 
flows in south-eastern Australia might also impact the primary production in coastal 302 
waters (Booth et al., 2011; Hobday & Lough, 2011; Koehn et al., 2011). In addition, 303 
the intensification of Eastern Australian Current has caused southwards shifts of many 304 
marine species by increasing water temperature and transporting pelagic larva further 305 
south (Booth et al., 2011; Wilson et al., 2016). Since the warming in Tasman Sea is 306 
consistently projected by different GCMs (Hobday & Lough, 2011) and the rate of 307 
observed ocean warming is 3 – 4 times higher than global average (Hobday & Pecl, 308 
2014), this potential decoupling might impact species migration and energy flows 309 
between coastal and marine systems in eastern Australia. 310 
 311 
Genetic studies suggest that diadromous fish may have greater dispersal ability than 312 
freshwater fish because they can move between river catchments through marine life 313 
stage (Chenoweth & Hughes, 1997; Schmidt et al., 2011). However, barriers between 314 
freshwater and marine habitats can severely constrain their dispersal ability 315 
(Leathwick et al., 2008; Lassalle et al., 2009). Similar to our results, suitable habitats 316 
for freshwater fish have been predicted to shift upward along altitudinal gradients and 317 
poleward in Australia (Bond et al., 2011) and globally (Comte et al., 2013). The 318 
expansion of suitable habitat from lower to further upstream reaches may occur for 319 
some diadromous fish (Bond et al., 2011). However, barriers along rivers could make 320 
these novel habitats still inaccessible for fish (Lassalle & Rochard, 2009).  321 
 322 
(B) Implication for conservation management 323 
Multiple methods have been suggested to prioritise anthropogenic barrier removal for 324 
restoring river connectivity (Kemp & O'Hanley, 2010; Hermoso et al., 2015). The 325 
prioritization of barrier removal may become more critical because climate change 326 
and economic development will likely increase competition for water resources 327 
between human society and other species (Vörösmarty et al., 2000). Currently, 328 
removing anthropogenic barriers and building fish passages on weirs have been 329 
implemented in this region under Australian Grayling National Recovering Plan 330 
(Backhouse et al., 2008b; Backhouse et al., 2008a). Barrier survey was also 331 
completed in New South Wales for prioritizing future barrier removal plans. While 332 
the changes in local climate and hydrological characteristics by climate change can be 333 
important for barrier removal and river restoration (Palmer et al., 2009), we suggest 334 
that the future distribution of suitable habitats for protected species should also be 335 
taken into consideration. Incorporating socio-economical cost of dam removal and 336 
estimating future water need in human society could further improve prioritization. 337 
 338 
There are numerous sources of uncertainty when predicting species’ future 339 
distribution (Buisson et al., 2010; Bush & Hoskins, 2017), and these can be roughly 340 
divided into three parts; climate uncertainties, methodological uncertainties, and 341 
biotic uncertainties (Pacifici et al., 2015). We use ensembles of GCMs and modelling 342 
algorithms to balance the variation among climate projections and species distribution 343 
modelling methods (Fordham et al., 2011; Pacifici et al., 2015), and identify more 344 
likely outcomes but nonetheless stress the importance of including projection 345 
uncertainty in conservation planning (Carvalho et al., 2011). Further, biotic 346 
uncertainties arise partly from the assumption that species’ current distribution is in 347 
equilibrium with surrounding environmental variables and these relationships are 348 
consistent under future climate conditions might not be realistic (Pacifici et al., 2015). 349 
While correlative models estimate realized niche, using mechanistic models that 350 
consider species traits may improve our understanding about how fundamental niche 351 
and population dynamics change after climate change (Rougier et al., 2015). Other 352 
constraints such as biotic interactions or non-climatic stressors can provide a more 353 
realistic view to assess future distribution (Franklin, 2013). For example, as 354 
introduced salmonids contribute to the decline of Australian Grayling and other 355 
galaxioids (McDowall, 2006), future distribution shifts of exotic species could change 356 
the predation or competition pressure on native species. In addition, land-use change 357 
and water abstraction plans can also impact the future distribution of Australian 358 
Grayling (Backhouse et al., 2008b). 359 
 360 
Besides changing the distribution of suitable habitats, climate change can also impact 361 
connectivity between freshwater and marine habitats by changing hydrology and 362 
increasing the intensity of human water use such as water abstraction (Gillanders et 363 
al., 2011; Jaeger et al., 2014; Saunders et al., 2016). Decreased annual runoff and 364 
increased temperature are projected in south-eastern Australia catchments 365 
(Morrongiello et al., 2011) and both factors can severely lower spawning and 366 
recruitment success of Australian Grayling (Shenton et al., 2011). Thus, maintaining 367 
natural flow regimes in the “important rivers” during autumn and spring to secure 368 
reproduction success, and restoring riparian vegetation to mitigate warming 369 
temperature are likely to be critical to conserve this threatened species (Shenton et al., 370 
2011; Shenton et al., 2014; Amtstaetter et al., 2016).  371 
 372 
(B) Future directions and conclusion 373 
While we modelled the distribution of suitable habitats only, models that have the 374 
ability to simulate both population dynamics and the distribution of migratory fish 375 
under climate change have been developed (e.g., GR3D in Rougier et al. (2015)). 376 
However, their complexity and data requirements make them less suitable for 377 
poorly-studied species. Meta-analysis has shown previous works disproportionately 378 
focused on the impact of climate change on migratory birds and some fishes in 379 
northern hemisphere such as salmonids while neglecting other animal groups 380 
(Robinson et al., 2009; Comte et al., 2013). Conservation plans based on anadromous 381 
(i.e., adults live in saltwater habitats but migrate to freshwater for reproduction) 382 
salmonids may not be effective for species with different migration types such as 383 
amphidromy (i.e., adults live in freshwater but early life stages are in saltwater 384 
habitats, e.g., Australian Grayling), catadromy (i.e., adults live in freshwater but 385 
migrate to saltwater habitats for reproduction, e.g., freshwater eels) or potamodromy 386 
(i.e., fish migrates among different freshwater habitats, e.g., lake sturgeon) 387 
(McDowall, 1999). Furthermore, biotic interactions such as competition and predation 388 
by introduced salmonids can also impact the distribution of Grayling as discussed 389 
above, multi-species models (e.g., joint species distribution models in Pollock et al. 390 
(2014)) may provide more comprehensive information for conservation plans. 391 
 392 
The number of studies that incorporate the impact of climate change into spatial 393 
conservation prioritization has increased over the past decade (Jones et al., 2016). 394 
While the impact of climate change on species distribution is recognized, considering 395 
climate change can help to achieve persistence of target species under changing 396 
climate by prioritizing conservation actions for future distribution, climate refugia and 397 
connectivity as in ours and other studies (e.g., Schmitz et al. (2015), Jones et al. 398 
(2016), and Iwamura et al. (2014)).  399 
 400 
In conclusion, we predicted that climate change will decouple connections between 401 
the habitats Grayling need to complete their lifecycles. Thus, climate-driven 402 
decoupling of habitats threatens the persistence of Grayling and influences the most 403 
effective places to restore freshwater connections by removing barriers. We suggest 404 
that decoupling of connections among habitats might become an issue more generally 405 
for migratory species facing rapid climate change within their ranges. While the loss 406 
or degradation in one habitat can influence the population dynamic in another habitat 407 
(O’Connor & Cooke, 2015), integrating impacts throughout species’ life history can 408 
improve the effectiveness of conservation actions. 409 
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Figure Legends  704 
Fig. 1 Study region (a) and projections of current (b) and future (c & e: 2055 & d & f: 705 
2085) suitable habitats for Australian Grayling under Representative Concentration 706 
Pathways 8.5. Global climate model (GCM) for freshwater habitats is a seven-GCM 707 
ensemble and GCMs for marine habitats are HadGEM2-ES (c & d: Medium) and 708 
FGOALS-s2 (e & f: Severe). Habitat suitability is showed as continuous probabilities 709 
of occurrence between 0 and 1 in rivers and binary variables (suitable vs. unsuitable) 710 
in the sea. NSW: New South Wales, VIC: Victoria and TAS: Tasmania. 711 
Fig. 2 The extent of predicted riverine habitat with (filled triangles) or without 712 
(hollowed circles) dams versus predicted sea surface temperatures from two Global 713 
Climate Models (HadGEM2-ES/Medium: a – c; FGOALS-s2/Severe: d - f) in New 714 
South Wales (NSW, three important rivers, a & d), Victorian (VIC, thirty-one rivers, 715 
b & e) and Tasmanian (TAS, twenty-nine rivers, c & f) rivers. The shaded area 716 
indicates the temperature range of coastal waters from the current distribution of 717 
Grayling and each point indicates a single river. 718 
Fig. 3 The extent of predicted riverine habitat for sequentially removing dams in order 719 
of new habitat made available in (a) New South Wales (5 dams total), (b) Victoria (10 720 
dams total) and (c) Tasmania (10 dams total) under current (2015), 2055 and 2085 721 
climate conditions without considering ocean warming (Fr: climate range shift 722 
modelled in freshwater only), or with a medium (Med: HadGEM2-ES) or a severe 723 
(Sev: FGOALS-s2) ocean warming. 724 
Fig. 4 Plot of priority dams for removal in (a) New South Wales, (b) Victoria and (c) 725 
Tasmania under current (2015), 2055 and 2085 climate conditions without 726 
considering ocean warming (Fr: freshwater only), or with a medium (Med: 727 
HadGEM2-ES) or a severe (Sev: FGOALS-s2) ocean warming. Symbols on the maps 728 
represent dams and match to symbols on the line charts. Line charts show shifts in the 729 
rank priorities of dams over time and under different ocean warming models. Arrows 730 
show the upward (hollowed) and west- or southward (solid) shifts of dams for remove 731 
through time.  732 
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